Translated by R. Walkden
Because of their high resistance to ozone and the atmosphere, their resistance to aggressive fluids, their low copolymer density and the accessible raw material base for them, double (EPM) and triple (EPDM) ethylenepropylene rubbers are of considerable interest to industry.
Ethylene-propylene rubbers are currently third in the world in terms of synthetic rubber production volumes (over 1 min t/a), behind butadiene and butadienestyrene rubbers.
Data gathered by the Institute for Regional Development Investment Strategies show that EPDM production is growing fast everywhere; around 50% of world production is in the USA, which is also the main consumer of these types of rubber (around 40%) [1] .
According to ICB (Industry Classification Benchmark) data, the forecast rise in world demand for EPDM is 3-4% per annum. The greatest rise in demand is expected to be in South-East Asia (4% p.a.). The main product produced by all plants is the triple copolymer EPDM (85% of total production volume) [2] .
A range of methods of polymerisation is used in industry for EPDM synthesis: solution, suspension and gaseous-phase. The most widely-used method of producing EPDM at present is solution polymerisation, in which copolymerisation of ethylene, propylene and a third monomer, 2-ethylidene-5-norbornene (ENB) or dicyclopetadiene (DCPD), takes place in an inert solvent (cyclohexane, n-hexane, nefras, etc).
Dissolution polymerisation takes place using Ziegler-Natta catalysts, the main active component of which is a compound of vanadium, or less commonly titanium.
EPDM has also been industrially produced using a metallocene catalyst system. This process has been put into effect by Dow in EPDM production with ENB as third monomer using the Dow Insite™ catalyst. EPDM synthesis has also been carried out using metallocene technology by such companies as ExxonMobil Chemical, Sumitomo Chemical, Mitsui Petrochemical and DSM Elastomers.
In the suspension process, in place of an inert solvent, propylene is used, which is at the same time one of the comonomers in the process. Since the copolymer is insoluble in propylene, the viscosity of the reaction system in this case is several orders of magnitude lower than with solution polymerisation. The copolymer concentration in the suspension is 2-3 times higher than in a solution (25% by wt. compared to 8-10% by wt.). This process is operated on an industrial scale by the Italian company Enichem Elastomeri, which produces EPDM under the trade name of Dutral, and also by the German company Bayer (trade name Buna EP).
The company Union Carbide has produced EPDM (third monomer ENB) using gaseous-phase technology with Ziegler-Natta catalysts, taking the Unipol process for polyethylene production as a basis. Du Pont Dow Elastomers, which bought Union Carbide in 1999, set up EPDM production in 2001 at a plant in Seadrift, Texas, using gaseous-phase technology with metallocene catalysts, based on the Union Carbide gaseous-phase process using ZieglerNatta catalysts. Metallocene catalysts are sensitive to the action of moisture and oxygen, so they are synthesised and stored in an inert atmosphere, for example nitrogen.
MW adjustment using metallocene catalyst systems may be done by introducing hydrogen into the reaction environment.
Metallocenes are normally used in combination with methylaluminoxane (MAO), which allows the catalytic activity of the system to be substantially increased [4] . MAO is obtained by partial hydrolysis of trimethylaluminium. It consists of blocks with the composition Al 4 O 3 Me 6 [4] . Since the aluminium atoms in such a structure are coordinatively unsaturated, 3-4 blocks combine together to form clusters or cells. They have a molecular weight in the 1200-1600 range and are readily soluble in hydrocarbons [3] .
The polymerisation mechanism for olefins using metallocene catalysts (for example, zirconocenes) is shown in Figure 1 [3].
In the first stage, MAO reacts with zirconocene, converting the latter into an active state with a free coordination position, into which an olefin may readily fit. In the second stage, the olefin enters into the complex. In the third stage there is introduction of an alkene via a zirconium-alkyl bond; when this happens, a new coordinatively-free position is created. In stage 4 there is a repetition of stage 3 in a very short time interval [3] .
Besides MAO, other weakly-coordinated co-catalysts may be used for metallocene activation, for example Al(C 2 H 5 ) 2 H, Al(C 2 H 5 ) 2 Cl and others [6] .
Properties of metallocene catalysts and ways of producing them
Metallocenes suitable for polymerisation usually have a d 0 electronic configuration and are diamagnetic. Complexes containing single cyclopentadienyl rings (Cp) are usually weakly stained, and are often yellow-gold in colour. The interaction between an aromatic ring and a Cp ring gives rise to a stronger staining, which is linked to L-M (π-d*) transitions.
Group IV B metallocenes manifest moderate stability with exposure to air, except for the presence in the compound of highly-reactive ligands, for example, a strongly-alkylated Cp, a polycyclic C 5 -containing ligand or an alkyl group linked directly to the metal. In the latter instance the metallocene is extremely sensitive to moisture and oxygen and frequently breaks down under the influence of light or heat. The products of hydrolysis of metallocene dichlorides, for example zirconium dichloride, are HCl, zirconium oxide and a mixture of organic compounds.
Metallocene complexes are usually produced through an exchange of ligand between a lithium-containing reagent or Grignard reagent and a transition metal chloride (Figure 2a) . Sometimes metal-containing chlorides are represented in the form of ether-containing complexes. Such compounds need careful handling, as the reactions that take place are as a rule strongly exothermic.
Another method of producing metallocenes involves organising a reaction between a silyl-or stannyl-containing group and a metal-containing halogen (Figure 2b ). This method is used to prepare titanocenes. Metallocene complexes may also be produced through a reaction between a neutral mono-or bis-cyclopentadienyl ligand and a metal tetra-amide (Figure 2c ) [7] .
Mono-cyclopentadienyl complexes are produced in a similar way to bis-cyclopentadienyl complexes. The disproportionation reaction (Cp´2MX 2 + MX 4 = 2 Cp´MX 3 , where X is halogen) may be used, or the reaction of cyclopentadienyl salts with titanium-containing compounds with one readily-substituted substituent, for example Cl in ClTi(OR) 3 .
Use of metallocene catalysts for EPDM synthesis
In comparison with the Ziegler catalyst systems traditionally used for EPDM synthesis, when metallocene catalyst systems are used these are found to have a higher level of catalytic activity. Less strongly stained products are obtained.
Because of the uniformity of the active centres, metallocene catalysts enable polymers with a narrow MWD and copolymers with a uniform composition make-up to be produced. So an EPDM synthesised with vanadium Ziegler-Natta catalysts has an MWD in the 3-10 range, while one produced using metallocene catalysts features an MWD of 2 or below [8] .
In some cases a broader MWD may be seen. This may be caused by the activity of various catalytic centres (violation of uniformity of active centres), or by restrictions to mass transfer between the gaseous phase and the liquid phase of the reactor, between the solution and the growing macro-molecule. Diffusion restrictions may influence the distribution of comonomer concentrations in the volume of the solution. Another potential source of non-uniformity in the polymer produced may be variation in the dwell time in the reactor or fluctuation in the process temperature, which is often linked to the design of the reactor.
In EPDM synthesis, use may be made of metallocene catalysts based either on mono-cyclopentadienyl complexes or on bis-cyclopentadienyl complexes. Zirconocenes are preferred for the latter.
A high degree of branching of macromolecules linked to the introduction of long-chain olefins into the growing polymer chain is achieved through the use of cross-linking silicon and amidocyclopentadienyl titanium compounds as catalyst (Figure 3a) [9].
Among mono-cyclopentadienyl precursors, the most productive are considered to be titanocenes, which, in contrast to zirconocenes, have stable Ti (III) structures. Examples of such structures are shown in Figure 3b .
Use of bis-cyclopentadienyl complexes to synthesise EPDM is described in an international patent [10] and an American patent [11] . In the international patent [10] , EPM synthesis was carried out using a bis-cyclopentadienyl -zirconium dichloride/MAO catalyst system in liquid propylene (suspension process) at 15°C and Al:Zr molar ratio of 2000:4200. The result was an EPM with a 68-87% (mol.) ethylene content, inherent viscosity of 108-370 ml/g, a polymer molecular weight of 64000-210000 and MWD of 2.4-3.4, and a specimen crystallinity of between 2 and 21. An even monomer distribution in the macromolecule is characteristic of the specimens.
The US patent [11] looks at EDPM production using bis(cyclopentadienyl) metallocene catalyst systems ( Figure 3c ) and involving MAO and TIBA: rats-dimethylsilylbis(2-methyl-4-(4-tert-butylphenyl)-1,5,6,7-tetrahydro-s-indacene-1-yl) dichlorzirconium(IV), rats-dimethylsilylbis(2-methyl-4-(4-phenyl)-indenyl) dichlorzirconium, rats-dimethylsilylbis-(2-methyl-4-(4-aratert-butyl-phenyl)-indenyl) dichlorzirconium. The Al/Zr molar ratio was 400, and the MAO/TIBA ratio was 2:1.
Considerable activity was recorded for a catalyst system based on rats-dimethylsilylbis(2-methyl-4-(4-tert-butylphenyl)-1,5,6,7-tetrahydro-s-indacene-1-yl) dichlorzirconium (IV). It was 347 kg/g metallocene per hour at a polymerisation temperature of 95°C. The EPM copolymer produced, with 14.6% (mol.) ethylene content, had an inherent viscosity of 1.44 dl/g. There is particular interest in study of the potential for producing elastomer materials using metallocene catalysts with C 1 -symmetry [12] . Growth of the polypropylene chain using such catalysts leads to an alternation of short isotactic sequences separated by isolated stereodefects.
In contrast to C 2 -symmetry [13] and C s -symmetry [14] metallocenes, for C 1 -symmetry metallocenes an increase in isotacticity with decrease in monomer concentration and increase in polymerisation temperature is typical.
Work [15] looks at the influence of the type of metal in C 1 -symmetry metallocenes, the methods of activation of metallocene catalysts and the conditions of copolymerisation of propylene with ethylene in a liquid monomer medium on catalytic activity, copolymerisation constants, microstructure and the thermophysical and mechanical properties of the polymers formed. When MC-1/MAO was used, copolymers were formed with a 5-60% (mol.) ethylene link content. Introduction of ethylene into the reaction medium caused a rise in the rate of formation of the polymer product from 23 to 43 kg polymer/mmol Zr per hour for the MC-1/ MAO system. For an MC-2/MAO system, however, a different pattern was seen: introduction of ethylene into the reaction medium caused a fall in activity from 6.0 to 2.3 kg/mmol Hf per hour.
With an increase in the ethylene content in the copolymer to 50% (mol.), a diminution in the MW of the copolymers produced using an MC-1/MAO system was seen.
With an MC-2/MAO system, in the presence of ethylene there was a rise in copolymer MW compared to the MW of the homopolymer produced under identical conditions. It is precisely those catalysts for which the MW of propylene and ethylene copolymers rises when ethylene is introduced that are the most promising for the creation of industrial catalysts [16] .
When an attempt was made to replace MAO partly by triisobutyl aluminium (TIBA), a fall in the activity of the catalysts system from 30 to 14 kg polymer/mol Zr per hour was observed, and the MW of the synthesised copolymer fell from 200000 to 83340.
The presence in C 1 -symmetry metallocenes of two non-equivalent coordination sites (less and more stericallyhindered) may also be a cause of formation of copolymers with a polymer chain structure with a tendency to form alternative comonomer sequences.
A more massive monomer (propylene) and a less massive one (ethylene) can coordinate in various ways on active centres in a metallocene complex. Ethylene prefers to coordinate on and embed into a sterically-hindered centre (centre located between two sterically-hindered fluorenyl-indenyl ligands), whereas propylene embeds itself on a less hindered active centre.
The activity of the o-xylene-α-α´-bis-indenyl group of metallocenes ( Figure 4 ) has also been noted in EPDM synthesis [17] . The catalyst is produced through interaction between α-α´-dibromo-o-xylene and indene or their derivatives in the presence of butyl lithium. The o-xylene-α-α´-bis-indenyl that results then interacts with ZrCl4. These catalysts were used to produce EPDM with a Mooney viscosity of between 25 and 120 or more.
The co-catalysts used were aluminoxane and (Ra) x NH 4-x B(Rd) 4 , or B(Rd) 3 , or (Ra) 3 PHB(Rd) 4 , or (C 6 H 5 ) 3 CB(Rd) 4 , where Ra is an alkyl or aryl radical, and Rd is an alkyl radical, preferably partially or fully fluorinated.
Synthesis was carried out at 45°C in liquid propylene, with MAO and TIBA used as co-catalyst. The copolymer produced featured a Mooney viscosity of over 120, M w = 5.6 • 10 5 and MWD = 2.5.
Particular features of applied metallocene catalysts for EPDM synthesis
Interest in applied metallocene catalysts for synthesis of EPDM is linked primarily to the industrial introduction of the gaseous-phase process. Silica gel is often used as the catalyst carrier. As a rule this is amorphous silica gel with a porosity of (>1 cm 3 /g) and a mean particle size of 50 µm. Smaller quantities of MAO may be used for a heterogeneous catalyst.
Other carriers that have been considered besides silica gel are aluminium oxide, mixed oxides of Ca, Al, Si, Mg, Ti, Zr and B, halides of magnesium and organic polymers (copolymers of styrene and divinylbenzene, polyethylene or polypropylene).
Use of carriers with a specific surface area of 200-400 m 2 /g, pore volume of 0.8-3.0 ml/g and mean particle size of 10-300 µm is recommended.
For better sorption of methylaluminoxane on the carrier, it is recommended that the latter be dried at 300-800°C for 3-24 h, to eliminate moisture carrier from the pores.
There are four main ways of applying an active metallocene-containing component to a carrier ( Figure 5 ) [18] .
Depending on the method used to apply the metallocene to the carrier, a catalyst is obtained with varying levels of polymerisation activity. Method 1 enables polymers with larger MW to be obtained compared to a similar homogeneous catalyst, but there is also a high probability (as also in method 2) of a change to the structure of the metallocene, and consequently also to the stereospecificity of the catalyst through interactions between the metallocene and donor, e.g. silanol, group electrons. The most promising method is method 3, as in this case a high degree of active centre homogeneity is seen. Stereospecificity and many other characteristics of metallocene centres vary little with application of metallocene to catalyst. [16] In comparison with their homogeneous equivalents, heterogeneous EPDM synthesis catalysts give rise to the production of lower-molecular copolymers. With the introduction of a third monomer (ENB), a fall in catalytic activity is seen, for both a homogeneous and a heterogeneous catalyst.
Patent [19] looks at EPDM production with bis(cyclopentadienyl) zirconocenes applied to silica gel, using methyl aluminoxane as co-catalyst. Synthesis was carried out at temperatures of 45-50°C for 0.5-2 h in a liquid propylene environment. The third comonomers used were 1,4-hexadiene (1,4-HD) and ENB. 1,4-HD conversion was extremely low, at between 2.4 and 39%, while ENB conversion was 31.0-65.7%. The EPDM specimens obtained with ENB featured a MW of 72000-81000 and MWD of 2.3-2.7.
An improvement to the conversion of the diene monomer enables the costs of EPDM production to be reduced, because of the diminished outlay on reconstitution of the recirculating diene monomer.
Metallocene catalysts are currently being successfully introduced into the industrial-scale production process of EPDM synthesis. Work is continuing to upgrade metallocene catalyst systems, both homogeneous and applied to various carriers, in order to increase their activity, raise copolymer yields and enlarge the range of classes on offer, as well as to lower their unit production cost.
